Abstract-Tray dryer is the most extensively used because of its simple and economic design. In a tray dryer, more products can be loaded as the trays are arranged at different levels. The product is spread out on trays at an acceptable thickness. The drawback of this dryer is non-uniformity in the desired moisture content of end product due to poor air flow distribution in the drying chamber. Computational fluid dynamics (CFD) is used extensively because of its capability to solve equations for the conservation of mass, momentum, and energy using numerical methods to predict the temperature, velocity, and pressure profiles. This research is to predict drying uniformity of new design of the commercial tray dryer for agricultural product. The temperature and velocity profile, streamline and velocity on each tray were analyzed to study the uniformity of the drying. The 3D simulation is done to represent the actual model. Generally the temperatures are considered uniform for all trays. However the average air velocity at several trays which is at tray number 1, 7, 8 and 15 are much higher than others tray. The rest of the trays are look more uniform. The average air velocity above the tray is about 0.38 m/s.
I. INTRODUCTION
The tray dryer is widely used in a variety of applications because of its simple design and capability to dry products at high volume. However, the greatest drawback of the tray dryer is uneven drying because of poor airflow distribution in the drying chamber. Several designs and methods can be implemented to improve tray dryer performance, increases quality of dried product and produces uniform drying as reported by Misha et al. [1] . Nowadays, given the increase in computing power, the application of Computational Fluid Dynamics (CFD) can be a valuable tool for engineering design and analysis of solving complex fluid flow, addressing heat and mass transfer phenomena, aiding in the better design of tray dryers and produce high quality of dried product. CFD simulation is used extensively because of its capability to solve equations for the conservation of mass, momentum, and energy using numerical methods to predict the Manuscript temperature, velocity, and pressure profiles in the drying chamber.
Dionissios and Adrian-Gabriel Ghious [2] studied the numerical simulation inside a drying chamber. A set of measurements was obtained experimentally above one single tray to validate the model. The validation between the measured data and the simulation results by CFD shows that the standard k-e model is the most adequate turbulence model. An industrial batch-type tray dryer for drying fruits has been designed and constructed by Mathioulakis et al. [3] . CFD is used to simulate the air pressure and the air velocity profiles in the drying chamber. The result shows that a variation of final moisture content occurs in several trays.
Comparison of the simulation result by the CFD and experimental data shows a strong correlation between drying rate and air velocity.
Mirade [4] using a two-dimensional CFD model with time-dependent boundary conditions to investigate the homogeneity of the distribution of the air velocity in an industrial meat dryer for several low and high levels of the ventilation cycle. All airflow simulations are consistent with the heterogeneity of drying usually observed in practice. The product is represented by solid rectangular object. Chr. Lamnatou et al. [5] developed and investigated a numerical model of heat and mass transfer during convective drying of a porous body using the finite-volume method. The results show that the aspect ratio of the drying plate and the flow separation influence the flow field and heat/mass transfer coefficients. The increase in the contact surfaces between the porous body and air also contributes to the improvement of drying behavior.
Some product can be treated as solid (non-porous) material. However most of the products are represented by porous media. The comparison of CFD simulation result between porous and solid product in drying application has been done by Misha et al. [6] . It was found that by using porous product the overall velocities in the drying chamber are lower than solid product since some of the hot air stream pass through the porous product.
Design optimization of a drying chamber is necessary to achieve higher heat/mass transfer rates and uniform drying by avoiding an unfavorable aerodynamic phenomenon in the chamber. The objective of this research is to predict the drying uniformity for the new tray dryer design for agricultural product. The CFD is used as a tool to predict the airflow distribution in the drying chamber.CFD has also been widely used in food industry to investigate the flow pattern of the air in the drying chamber [7] , [8] . Uniform airflow distribution in drying chamber is very important because it gave significant effect on the efficiency and the homogeneity of the product being dried. The use of a desiccant material in drying applications has several advantages, including the improvement in the uniformity of dried products [9] .
The Prediction of Drying Uniformity in Tray Dryer
System using CFD Simulation 
II. METHODS AND SIMULATION

A. Design of a New Drying Chamber
The constructed dryer system is designed to dry any agricultural product at high volume. The space of drying area is approximately 25 m 2 . The wall of the dryer system was constructed using 6 cm thick hollow polycarbonate with a hollow space in the middle measuring 4 cm deep. The drying chamber dimension is approximately 2 m × 3 m × 1.7 m (width, length, and height, respectively).The layout of the drying camber is shown in Fig. 1 . The dryer system consists of 7 levels of trays system and each level has 3 separated trays. The end space in the drying chamber is used to occupy operator for loading or unloading the product to the last column of trays. The positions of trays in the drying chamber are shown in Fig. 2 . The thickness of the products in each tray is approximately 6 cm. The velocity and temperature distribution were studied to predict the drying uniformity.
B. Basic Governing Equations
The mass, momentum and energy conservation result in the continuity, Navier-Stokes and energy equation, respectively [10] . The turbulent model is used in this CFD simulation. The turbulent kinetic energy, k, and its rate of dissipation, ε, are calculated from the following transport equations:
Convective heat and mass transfer modeling in the k-ε models is given by the following equation [11] :
Product trays are assumed as a porous media for airflow. Porous media are modeled by the addition of a momentum source term to the standard fluid flowequations. The source term is composed of two parts: a viscous loss term and an inertial loss term. 
C. Simulation Details
The numerical finite volume method, as used in Fluent 12.1, has been used to solve equations and to build a numerical model based on an unstructured 3D mesh by tetrahedral cells. The geometrical configurations were displayed in Fig. 2 . The pattern of air stream in the drying chamber is important and since there was no variable condition in this study, the simulation was carried out in steady state condition. The plane 1 was selected (Fig. 1.) to study and analyse the velocity and temperature in the drying chamber. Plane 1 is located in between of two axial fans, which considered as the weak zone compared to others areas in the drying chamber. The set-up of boundary conditions were defined as followings: o C (contact to the heat source from radiation). The bottom surface is assumed as no heat loss. Only half of the drying chamber was analysed since the shape is symmetryby defining the symmetry surface to the middle boundary. 
III. RESULT AND DISCUSSION
Even though the simulation was done in three dimensions but the analysis was carried out at plane 1 as indicated in Fig.  1 . Several planes have been studied but plane 1 is considered as poor zone in term of hot air distribution because the position in between the two fans. The simulation was carried out and the temperature distribution profile at plane 1 is shown in Fig. 2 . The hot air temperature from inlet is 65 o C. It was found that the temperature for most of the trays was in the range of 64.4 to 65 o C except for the lowest tray. The temperature for lowest tray was in the range of 63.8 to 64.4 o C. The difference of temperature about 1.2 o C among the trays is considered small and it can be assumed that the design successfully achieved the reasonable uniform air temperature in the drying chamber. In drying application, the temperature, velocity and humidity of drying air condition gave significant effect to the drying process. In this simulation study, only temperature and velocity of the drying air can be analysed since the equation used is not involved humidity. Humidity analysis will be done in the future experimental work. The velocity profile at plane 1 is shown in Fig. 3 . Generally the velocity around the tray is very low in the range of 0 to 0.375 m/s. The inlet is not located at plane 1 since the position of this plane is in between the two fans as shown in Fig. 1 . Therefore the velocity is also low at the beginning and increasing after it collided to the curve wall. Fig. 4 show the velocity profile at another plane which is cut at the center of the inlet 1. It shows that the velocity achieved the maximum value at 3 m/s as determined in the inlet boundary condition. The temperature and velocity profile at plane 1 can't be done in 2D since the inlet position is not located in this plane. This is the main reason why the simulation was carried out in 3D. The air velocity above the trays are very important to carries the moisture from the product. The air velocity along the trays at plane 1 was studied in this simulation. The air velocity profile at 2.5 cm above the trays for each tray is shown in Fig. 5 . Generally the average air velocities at trays 1 to 7 are higher than other trays since the positions are close to the inlet. As the drying air passes over the trays, the air velocity would decrease except for tray number 8 and 15. At trays 8 and 15 the velocities are increase because it closes to the air outlet. The minimum air velocity above the tray is around 0.28 m/s at the last column of tray. The average air velocity above the trays is about 0.38 m/s. The high velocity at the first column of trays can't be avoided because it closes to the inlet with the maximum velocity of 1.1 m/s. The variation of final moisture content of the product may occur based on the velocity profile. The high air velocity at the above product (tray) will make the product dry faster compared to the product with low air velocity. The temperature profiles in the drying chamber can be considered as uniform because the temperature drop is very small around 1.2 o C only. However the air velocities above the trays are not uniform. The product at tray number 1,7,8 and 15 may over dry because the average velocities above the tray are higher than others tray. The simulation result of 3D streamline is shown in Fig. 6 . Based on the streamline color, it shows that the air velocity is higher at the areas that close to the inlet and outlet. The air velocity is low along the tray because the air was distributed to all the trays at different levels. The average air velocity at the upper tray is highest because it closes to the air inlet and outlet.
Mesh adaption was performed in this simulation work to ensure the solution is mesh independent and to obtain more accurate result. In the future experimental work, several positions in the drying chamber have to be installed with temperature, velocity and humidity sensors to validate the simulation data. 
IV. CONCLUSION
Tray dryer is the most extensively used because of its simple and economic design. The main drawback of tray dryer is the non-uniformity of the final moisture content of the product. Good air flow distribution throughout the drying chamber can improve the drying uniformity. CFD is considered an integral part of engineering design and analysis because of its capability to solve equations for the conservation of mass, momentum, and energy using numerical methods to predict the temperature, velocity, and pressure profiles in the drying chamber. Therefore the performance of new dryer designs may be predicted by simulation work. The results shows that there are some product will experience high air velocity, product at tray number 1,7,8 and 15. The average air velocity above the tray is about 0.38 m/s. Generally the temperatures are considered uniform for all trays. The new design of dryer is suitable for agricultural drying because it can produce acceptable uniform drying at high capacity of product. The drying efficiency of this system may be increased with high air velocity inlet. The uniform drying and increasing of drying rate will also improves the quality of dried product. The uniformity of the drying may be improved by using additional baffle to direct the air flow to each tray, exchange the positions of the tray during the drying process or conducted in semi-continuous mode. However it will increases the overall cost of drying. The experimental work will be conducted in the future to validate the simulation data. 
